Abstract
conditions of the surface mixed layer and short-and meso-scale (i.e. seasonal) perturbations 23 therein. Species spanning a wider range of depth habitats, however, will contain a more 24 heterogeneous, intra-specimen variability (e.g. Mg/Ca and δ O not always reveal changes in depth habitat related to hydrography (e.g. temperature), 32 measured Mg/Ca of the last chambers can only be explained by active migration in response to 33 changes in temperature stratification. Foraminiferal geochemistry and modeled depth habitats 34
shows that the single chamber Mg/Ca and single shell δ
Introduction 38
Most planktonic foraminifera inhabit the upper 200 meters of the water column, with exceptions of 39 some species living as deep as 1000 m (e.g. Hemleben, 1989) . The average depth habitat of 40 individual species and the range of water depths at which they are found reflect their ecology (e.g. migration and hence depth of calcification determine which part of the water column can be 51
reconstructed. 52
Field observations show that most foraminiferal species do not occupy a single depth, but rather 53 calcify at a range of depths. Many species migrate vertically as they grow and, therefore, the 54 chemical composition (e.g. Mg/Ca and δ 18 O) of their shells changes with age. Fairbanks et al. 55 (1982) and Field (2004) suggested that foraminifera may modify their habitat depth depending on 56 hydrographic condition and food supply. However, little is known about the exact controls on depth 57 habitat, termination of shell growth and controls on shell features (e.g. formation of crusts). A 58 better understanding of the vertical calcification pattern of different species is needed to 59 reconstruct past changes in vertical structure of the water column by using geochemical proxies, 60 e.g. for temperature (δ 18 O and Mg/Ca). Using geochemical signals of species with different and 61 well-constrained calcification depths (Emiliani, 1954 O calcite trajectories they inferred depth 67 habitats, using modern vertical temperature profiles. However, by using multiple core-top 68 specimens this data set encompasses not only vertical changes in the water column structure, but 69 also inter-and intra-annual changes therein, which are both known to vary substantially in this 70 region (e.g. McClanahan, 1988; Damassa et al., 2006; Hastenrath et al., 1993) . In this study weuse sediment trap samples, allowing analyses of specimens that lived during a confined time 72 interval and link in situ hydrographic changes (i.e. temperature) more directly to their shell 73
chemistry. 74 75
Single-chamber Mg/Ca compositions from specimens with contrasting calcification depths (the 76 surface-dweller Globigerinoides ruber (d' Orbigny, 1839), the thermocline-dwelling species 77
Neogloboquadrina dutertrei (d' Orbigny, 1839) and Pulleniatina obliquiloculata (Parker et 
Oceanographic setting 96
In the oligotrophic Mozambique Channel (MC) (Fig. 1 ) sea surface temperatures (SST) vary 97 seasonally and with eddy-induced transport (Fallet et al., 2011) . The SSTs range from 25°C to 98 over 30°C with an annual mean of 27.6°C, the seasonal change in temperatures is associated 99 with the monsoon system. With the onset of Austral summer rainfall increases, caused by the 100 seasonal migration of the ITCZ and sea surface salinities decrease slightly from 35.2 in winter todeep-dwelling species Globorotalia scitula was used as a representative for deep water conditions 174 (Bé, 1969; Ortiz et al., 1996; Itou et al., 2001; Fallet et al., 2011) . 175
Measurements on G. ruber were usually performed on specimens in the 250 -315 µm size 176 fraction. In a limited number of samples, abundances of this species were low in this size fraction, 177 and geochemical analyses were therefore performed on specimens from a larger size fraction 178 (315 -400 µm). Analyses on N. dutertrei, P. obliquiloculata and G. scitula were generally done on 179 the size range >315 µm, with additional measurements on the 250 -315 µm size fraction 180 depending on the specimen's abundance within a sample. All specimens show excellent 181 preservation and do not show any signs of diagenesis (based on SEM microscopy). Recently, 182
Fallet et al. (2012) showed that shell size normalized weights of three species of planktonic 183 foraminifera from the same sediment trap location do not differ from those of the surface sediment 184 samples below this trap. Absence of dissolution is also reported by Birch et al. (2013) describing 185 planktonic foraminifera from surface sediments at ~ 3000 m water depth, in the northern part of 186 the Mozambique Channel, as being glassy and preserved excellently. 187 188
Mg/Ca and Stable isotope analyses 189
The Mg/Ca ratios of single chambers used in this study were previously published (Steinhardt et Single shells from part of the sample set were analyzed using a Thermo Finnigan Delta Plus mass 199 spectrometer equipped with a Gas Bench II preparation device at the VU University Amsterdam. 200
Single specimens were loaded into round-bottom vials, which were subsequently flushed with He. 201
The samples then reacted with phosphoric acid (H3PO4) injected into the vial producing CO2 gas, 202 which is transported in a helium stream to the mass spectrometer. Traps are used to remove 203 residual H2O from the sample gas and the CO2 is separated from other possible contaminant 204 gases on a poraplot Q GC column. Reproducibility (1σ) of δ Osw, expressed on the SMOW scale is converted to Pee Dee Belemnite (PDB) scale by 212 subtracting 0.27‰ (Hut, 1987 (Fig. 3) . 277 278
Calcification temperatures 279
The calculated multi-specimen δ (Fig. 6) . of natural variability might be differences in depth at which an individual calcifies. In laboratory 419
cultures, the addition rate of new chambers in G. sacculifer ranges from 1.6 to 6.2 days , 420 while chamber formation in G. hirsuta and G. truncatulinoides takes about 5 to 6 hours (Bé, 1979) . 421
Considering that our sample duration ranges between 17 and 21 days, δ The range of uncertainties related to a species' average calcification depth results from 462 the relatively large natural inter-specimen variability in Mg/Ca. Since we focus on relative 463 differences within species between hydrographic conditions, the uncertainty in calcification 464 temperature resulting from errors in the applied Mg/Ca-temperature calibration does not affect the 465 absolute temperature differences between the eddy-and non-eddy conditions. Instead, 466 uncertainties in the calculated difference in calcification depths between species will be caused 467 by the inter-specimen variability in Mg/Ca. 468 469
Cumulative calcification model 470
We used a conceptual oxygen isotope mass balance model (Wilke, 2006; 2009) would suggest that the majority of the previously formed calcite was precipitated deeper in the 517
water column. The model shows that species modulate their calcification pattern depending on 518 the hydrographical conditions they live in (e.g. eddy, non-eddy condition). For G. ruber, our results 519
show that this species seems to be an exclusive surface dweller and hence an application of the 520 cumulative calcification model only confirms that the majority of the calcite is formed at the sea 521
surface. 522
For the thermocline dwelling species N. dutertrei we find that this species calcifies most of its 523 calcite in a narrow depth range. Our model indicates that calcification during eddy conditions is 524 more intense in the deeper part of the thermocline (α= 8.8; β= 85), whereas calcification during 525 non-eddy condition is more equally distributed over the entire thermocline (α= 1.9; β= 47). It is 526 noteworthy that N. dutertrei appears to intensify its calcification efforts during eddy conditions 527 deeper in the thermocline, matching well with the deepening of the isopycnals and hence a 528 narrower range of optimal calcification conditions (Steinhardt et al., 2014) . This calcification 529 response is also reflected in more enriched δ 13 C values during eddy conditions. For P. 530 obliquiloculata modelled α and β values are relatively high, particularly during eddy conditions (α= 531 5.25; β= 133, compared to α= 3.1; β= 63 for non-eddy conditions). This indicates that most of the 532 calcification in P. obliquiloculata takes place at a water depth around 125 m during eddy 533 conditions, and around 50 m during non-eddy conditions. The range at which G. scitula calcifies 534 is well below the seasonal thermocline, reflected by high values for α and β (Fig. 7) and does not 535 vary considerably during eddy and non-eddy conditions. 536
In general, we conclude that temperature changes within the thermocline induced by eddies affect 537 non-symbiotic species mostly. Also, changes in cumulative calcite addition with depth seem to be 538 species-specific. We modified the model by including Mg/Ca-based temperatures (following the 539 between size and stable carbon isotopes in our specimens, the employed size fractions contained 560 only mature (adult) specimens (Brummer et al., 1986 (Brummer et al., , 1987 . Comparing water column δ Cexpect values (Fig. 8) . 564
Carbon isotope values become more negative from surface dwelling G. ruber towards deeper 565 dwelling P. obliquiloculata near the upper thermocline. Conversely, the δ 
CCC. 571
Our cumulative mass balance shows that the majority of the carbonate of G. ruber is formed in 572 surface waters (Fig. 7) . Equal δ (Fig. 7) . However, δ 13 C values indicate a significant difference 606 between eddy and non-eddy conditions. Mulitza et al. (1999) showed that P. obliquiloculata doesnot calcify in isotopic equilibrium with dissolved ∑CO2, but the deviation from isotopic equilibrium 608 is a linear function of temperature (Fig. 8) . While the mean of the δ 13 C cannot be used to infer the 609 actual calcification depth, they argue that the spread and skewness of the individual δ 13 C 610 measurements should still be representative of the range of calcification depths and habitat 611 preferences within the thermocline. 612
Also changes in the carbonate ion concentration with depth potentially play an important role in 613 the observed differences between species and between eddy and non-eddy conditions 614 (supplementary, Fig. A1 and A2 ). Since the carbonate ion profile is expected to change in 615 accordance with thermocline deepening when an eddy passes we refrained from correcting for 616 this. The observed offsets between species, however, suggest that carbonate ion does play a role 617
there. The deeper living species show an increasing offset with respect to the 1:1 line (Fig. 8) . The 618 exception is P. obliquiloculata which responds to temperature rather than δ 13 CDIC carbonate ion 619 changes (Mulitza et al., 1999) . 
